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We have systematically studied the grain size dependence of the low-temperature specific heats
for the two-dimensional kagome magnetic materials, Cu4−xZnx(OH)6FBr. For the x = 0 sample,
a specific heat jump at the antiferromagnetic transition temperature TN = 15 K is observed, and
due to the long-range order, the jump decreases with grain size d as C ∝ d−1. Surprisingly, we
found the low-temperature specific heat in the quantum spin liquid candidate Cu3Zn(OH)6FBr also
decreases quickly with grain size d, although the system is paramagnetic to the lowest temperature.
We explain this observation from a core-shell picture in that the contribution from the interior state
disappears near the surface, which reveals a 7.9-nm shell width. We argue that such a large length
scale signifies the coherence length of the nonlocality of the quantum entangled emergent excitations
in quantum spin liquid candidate, similar to the Pippard’s coherence length in superconductors. Our
approach therefore offers a new experimental probe of the intangible quantum state of matter with
topological order.
The pursuit of quantum spin liquids (QSLs) has be-
coming one of the main themes in condensed matter
physics and quantum material research, although by now
few successes have been achieved [1]. The central idea of
a QSL lies in the fact that it is a quantum paramag-
net with an anomalously high degree of entanglement,
characterized by the nonlocal nature of the fractional-
ized excitations therein [1–5]. Although of fundamental
importance, these nonlocal effects are extremely hard to
identify experimentally, this is because most of the exper-
imental techniques only measure symmetry-breaking and
local objects and thus can only probe QSL physics indi-
rectly [1, 2]. Due to such indirectness, these experimental
results in turn require precise theoretical modeling and
calculations of frustrated quantum magnets to nail down
the underlying physics, which is also very hard to achieve
due to the lack of controlled quantum many-body com-
putation methodologies for such strongly correlated sys-
tems. These difficulties force one to think of experimental
probes that can directly measure the nonlocal excitations
of a QSL material as the cases in the fractional quantum
Hall effect [6, 7]. Inspired by the Pippard’s coherence
length for superconductors originated from the nonlocal
response of Cooper pairs [8], in this work, we have suc-
ceeded in probing a similar length scale existing for the
nonlocal excitations of a QSL candidate material from
heat capacity measurements.
The materials studied here belong to the
Cu4−xZnx(OH)6FBr system, which has the Cu2+
ions with S = 1/2 forming two-dimensional (2D) kagome
layers. The x in the molecular formula denotes the
content of Zn2+ ions that substitute Cu2+ ions between
the kagome layers. The barlowite Cu4(OH)6FBr shows
an antiferromagnetic (AFM) order at ∼ 15 K [9–11]. The
long-range AFM order disappears above x ≈ 0.4 while
the short-range magnetic correlations from the interlayer
spins can survive up to 0.82 [10, 12, 13]. Experimental
studies on Cu3Zn(OH)6FBr reveal typical fingerprints
for a QSL in kagome antiferromagnet [14], including no
long-range order down to 50 mK although its exchange
interactions are about 200 K, the gap behavior of the
NMR Knight shift, and spin continuum in neutron
spectra which also suggest the existence of a gap [15, 16].
These results make Cu3Zn(OH)6FBr a promising candi-
date as a QSL with a Z2 topological order [17]. However,
as in its siblings herbertsmithite ZnCu3(OH)6Cl2 and
Zn-doped Claringbullite Cu3Zn(OH)6FCl [14, 18–25], all
the experimental results are obtained from local probes
and the identification of the nonlocal excitations and
entanglement therein are inferred indirectly. A direct
observation of the nonlocal behaviors is critically in need
to rule out alternative possibilities.
In this paper, we studied the specific heat of the
Cu4−xZnx(OH)6FBr samples with different grain sizes.
The results for the x = 0 and 0.43 samples can be un-
derstood as coming from the conventional long-range or-
dered and disordered systems with a jump at the AFM
transition followed with a decrease with grain size as
C ∝ d−1 for the former, and negligible size dependence
expected for a trivial paramagnetic system for the latter.
However, to our surprise, the low-temperature specific
heat of the QSL candidate Cu3Zn(OH)6FBr with x = 1
shows a strong grain size dependence, and we found it
can be understood from a simple core-shell picture, which
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FIG. 1. (a) & (b) SEM images for the as-grown and 1-h
ground Cu3Zn samples, respectively. The arrows give the
scales of the images. (c) & (d) Examples for the XRD pat-
terns at the (220) position for the Cu4 and Cu3Zn samples,
respectively. The numbers are just for the purpose of distin-
guishing different samples with different grinding time. All
the intensities have been normalized and shifted vertically for
the convenience.
leads to a large length scale of about 7.9 nm for the para-
magnetic spin system. It is very unusual to have such
a long length scale close to the ground state of quan-
tum paramagnetic, and this means that the low-energy
excitations in Cu3Zn(OH)6FBr should have a coherence
length due to their nonlocality, which is the long-sought-
after evidence of the quantum entanglement in a QSL
ground state. We believe the methodology of grain size
thermodynamics and the result of a long length scale in
the QSL candidate Cu3Zn(OH)6FBr offer a step forward
in direct probing topologically ordered states of matter.
Polycrystalline Cu4(OH)6FBr (Cu4),
Cu3.57Zn0.43(OH)6FBr (Zn0.43) and Cu3Zn(OH)6FBr
(Cu3Zn #2) were synthesized by the hydrothermal
method as reported previously [10]. In addition, deuter-
ated Cu3Zn(OD)6FBr (Cu3Zn #1) was also prepared
for measuring the specific heats below 1.8 K due to its
smaller nuclear Schottky anomaly. The samples were
ground by hand in an agate mortar to obtain different
grain sizes. The sizes of the samples were checked
by the scanning electron microscope (SEM) and x-ray
diffraction (XRD). The specific heats were measured
on a physical properties measurement system with the
dilution refrigerator (Quantum Design, 9T).
Figure 1(a) shows the SEM image of the as-grown
Cu3Zn sample, labeled as ”bulk”, which has typical grain
sizes of several micrometers. After ground for about one
hour, the grains becomes tens of nanometers, as shown
in Fig. 1(b). Since the crystals are sticky and attached
to each other, it is hard to directly obtain the size values.
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FIG. 2. (a) The C/T for the Cu4 samples with different sizes
at zero field. The dashed line is fitted by the polynomial
function for the data from 20 to 30 K as described in the
main text. (b) The C/T for the Cu4 samples after subtracting
the backgrounds at zero field. (c) Size dependence of Th for
the Cu4 samples. The straight dashed line is a guide to the
eye. (d) The C/T for the Zn0.43 samples with background
subtracted.
We thus measured the XRD patterns of the ground sam-
ples, where the width of the nuclear peaks can provide
the information of grain sizes. Here we choose to compare
the (220) peak in the hexagonal notation as shown in Fig.
1(c) and 1(d). The in-plane average size d can be esti-
mated by the Scherrer formula, d = 0.9λ/∆θ cos θ, where
λ is the x-ray wavelength (1.5406 A˚), θ is the Bragg angle
and ∆θ is the full width at half maximum (FWHM) in
radians after subtracting the instrumental line broaden-
ing.
Figure 2(a) shows the C/T of the Cu4 samples for dif-
ferent sizes at zero field. As reported previously, a jump
and a hump can be seen in the bulk sample at TN and
Th, respectively [9, 10]. With decreasing size, the jump
at TN decreases significantly and becomes very small for
the sample with d = 44 nm. Meanwhile, the hump moves
to lower temperature. Above TN the specific heat shows
little change with the grain size. Similar as analyzed pre-
viously [9], one can fit the data between 20 and 30 K by
a polynomial function, C = αT 2 + βT 3 + δT 5, as shown
by the dashed line in Fig. 2(a), which can be treated
as a background. With such background subtracted, the
results are shown in Fig. 2(b), which makes it more clear
that the jump at TN decreases with decreasing d whereas
the decrease of the hump is much insignificant. Interest-
ingly, Th decreases linearly with d
−1 as shown in Fig.
2(c).
Figure 2(d) shows the C/T of two Zn0.43 samples
with backgrounds subtracted. At this Zn-doping level,
there is no long-range AF order as shown by previous
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FIG. 3. (a) The specific heats of the Cu3Zn #1 sample with
d = 35 nm at different fields. The dashed line is fitted by
the polynomial function for the data from 15 to 30 K as de-
scribed in the main text. (b) The differences between 0-T
and 9-T specific heats for the Cu3Zn #1 samples. (c) The
specific heats of the Cu3Zn samples at 9 T. (d) The spe-
cific heats of the Cu3Zn samples at 9 T after subtracting the
backgrounds. The dashed line is the calculated result by the
Schottky anomaly function as described in the main text. In
all the above data, the upturns at very low temperature are
due to nuclear Schottky anomaly.
works [10, 12, 13], and the C/T only shows a broad hump
at about 3 K. Under a 9-T magnetic field, the hump be-
comes broadened but Th only changes slightly. Surpris-
ingly, no significant difference can be found for the bulk
and 46-nm samples, which suggests that the low-energy
excitations in Zn0.43 have negligible size effect.
For C/T of Cu3Zn, a hump also appears at low tem-
peratures [10]. Figure 3(a) shows C/T of the Cu3Zn
#1 sample with d = 35 nm, where Th shifts to higher
temperature and the hump is broadened with increasing
field . As shown in the herbertsmihite [26], this kind
of field dependence comes from the Schottky anomaly
of weakly coupled spins of the residual interlayer Cu2+
ions, whose content is estimated to be about 10% for
Cu3Zn(OH)6FBr [10, 15, 16]. Figure 3(b) gives the field
difference of C/T between 9 and 0 T, which shows that
the field-sensitive part of the specific heat is almost in-
dependent of grain size. To minimize the effect from the
interlayer spins, we compare the specific heat for different
sizes at 9 T, as shown in Fig. 3(c). Similar to the data
treatment for Cu4, the background can be subtracted to
better illustrate the hump feature as shown in Fig. 3(d).
With decreasing d, the hump temperature Th does not
change but the hump value decreases significantly. The
dashed line is the contribution from interlayer Cu2+ ions
at 9 T calculated by the Schottky-anomaly function [26],
which suggests that the change of the hump is inherent
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FIG. 4. (a) Size dependence of the C/T at TN , i.e. Cj/TN ,
and Th, i.e., Ch/Th, for Cu4 and Zn0.43 at zero field. The
straight dashed lines are guides to the eye. (b) Size depen-
dence of the C/T at Th for Cu3Zn at 9 T. The solid line is
fitted by Eq. (1). The left inset shows a sketch of a two-
dimensional circular sample with the diameter of d, whose
surface area with the thickness of ξ does not contribute to
the low-temperature specific heat. The right inset illustrates
that the surface state exponentially decays into the sample’s
interior and in the meantime, the interior state quickly drops
to zero.
in the kagome spin system.
Figure 4 summarizes the size dependence of the jump
and hump of C/T for all three samples. In Cu4, the
jump value associated with the AF transition, Cj/TN ,
decreases linearly with 1/d. On the other hand, the hump
value Ch/Th only decreases slightly with 1/d. Especially,
considering that the hump value may be affected by the
jump at TN for large-d samples as shown in Fig. 2(b),
Ch/Th may not change with the grain size. It should
be noted that since Th has a 1/d dependence, the value
of Ch actually decreases with size too. On the other
hand, both hump value and Th in Zn0.43 shows negligible
size dependence, which is expected for a paramagnetic
4system.
While the temperature dependence of the low-
temperature specific heat for Zn0.43 and Cu3Zn is very
similar (Fig. 2(d) and Fig. 3(d)), the hump of C/T for
the latter has very significant size dependence, as shown
in Fig. 4(b), and so does the entropy or C as Th changes
little with d. This behavior can be simply understood as
the core-shell effect, where the shell has different proper-
ties than the core as shown in the left inset of Fig. 4(b).
Supposing the surface state exponentially decay into the
core as ∼ e−x/ξ as shown in the right inset of Fig. 4(b),
the contribution from the core is ∼ 1−e−x/ξ. Integrating
the latter in two dimensions gives the specific heat of the
core as
C = Cbulk(1− 2ξ
d
(1− e−d/2ξ))2, (1)
where only ξ is unknown. The sold line in Fig. 4(b) gives
the fitting result, which gives ξ ≈ 7.9 nm. This length
scale corresponds to about 12 in-plane lattice constant,
or 24 nearest Cu-Cu distance. It should be pointed out
that we have not considered the contribution from the
interlayer spins, which should be a small constant back-
ground in Eq. (1) and will lead to a slightly larger ξ.
The core-shell model has been widely applied in study-
ing the magnetism in nanoparticles, where the major idea
is that the effect of uncompensated surface spins may
extend into the core state and even cause fundamental
change of ordered spin systems [27, 28]. This may be
applied to the specific heat jump at TN in Cu4, which
is associated with the three-dimensional magnetic order
and thus the contribution from the surface is propor-
tional to 1/d (naively surface/volume ∝ d2/d3 = d−1).
However, for a trivial paramagnetic state, the effect of
surface spins should be limited within a very short dis-
tance and cannot be seen for our samples with the min-
imum size in the order of tens of nanometers, as shown
in the Zn0.43 sample. Therefore, the size dependence of
the low-temperature specific heat in Cu3Zn suggests that
the spins are strongly correlated as if there is still some
kind of order, which must have a nontrivial origin.
We recall that in superconductors, a similar core-shell
picture applies for the Pippard’s coherence length [8].
The underlying physics is that there is a minimum length
over which a given change of the superfluid density of
Cooper pairs can be made. This means that a layer with
the thickness of the coherence length exists at the sur-
face of a superconductor for the crossover from the su-
perconducting state to the normal state or vacuum. The
coherence length is in the order of υ/∆, where υ and ∆
are the Fermi velocity and superconducting gap, respec-
tively. This comes from the nonlocal effects of Cooper
pairs and thus the coherence length defines the intrinsic
nonlocality of the superconducting state.
We argue that the length scale ξ obtained in Cu3Zn
should also come from the nonlocality of the low-energy
excitations in the QSL state. Similar to superconduc-
tors, the emergent nonlocal excitations in QSLs may also
have coherence lengths that define their nonlocality. This
can be well illustrated in Z2 QSLs, where all excita-
tions are gapped. In fact, it has been pointed out that
real-life s-wave superconductors have a Z2-topological or-
der [4], which makes it plausible to introduce the con-
cept of coherence length. In fact, mean-field theories
of Z2 QSLs describe them as superconducting states of
fermionic spinons, and the counterpart of Pippard’s co-
herence length is the span of spin-singlet pairs in the
resonant-valence-bond (RVB) picture [29]. As suggested
by previous results [15, 16], Cu3Zn is a strong candidate
for a Z2 QSL or topological order. Considering that J ∼
10 meV, which may give rise to a spin velocity in the or-
der of 10 meVA˚and thus a gap in the order of 0.1 meV for
a coherence length of 100 A˚. This gap value is consistent
with the value for the proposed spinon gap [15, 16]. It
should be further noted that the low-temperature hump
of the specific heat may mainly come from the singlet-
singlet excitations or visons as suggested by the numeri-
cal simulations [30]. We expect this contribution to van-
ish in the shell region because vison excitations, which
can be viewed as vortices if the Z2 QSL is viewed as a su-
perconductor, cannot exist in the shell region within the
Pippard’s coherence length. While the above arguments
are reasonable for Z2 QSLs, it seems hard to apply them
to U(1) QSLs with gapless excitation, since in mean-field
theories, U(1) QSLs are described as metals, instead of
superconductors, of spinons, and therefore does not have
a coherence length. We also note that there is an al-
ternative explanation to the large shell region, i.e., the
shell region may be in a valence-bond solid phase with
a much larger gap. However, this description also re-
quires nonlocality of the system. Overall, our results put
strong constraints on the nature of the ground state for
Cu3Zn. And we believe the grain size thermodynamical
measurements and analysis in this work open the avenue
for direct measurements of the quantum entanglement in
topological ordered states of matters.
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